Flares in the X-ray afterglow of gamma-ray bursts (GRBs) share more characteristics with the prompt emission than the afterglow, such as pulse profile and contained fluence. As a result, they are believed to originate from late-time activity of the central engine and can be used to constrain the overall energy budget. In this paper, we collect a sample of 19 long GRBs observed by Swift-XRT that contain giant flares in their X-ray afterglows. We fit this sample with a version of the magnetar propeller model, modified to include fallback accretion. This model has already successfully reproduced extended emission in short GRBs. Our best fits provide a reasonable morphological match to the light curves. However, 16 out of 19 of the fits require efficiencies for the propeller mechanism that approach 100%. The high efficiency parameters are a direct result of the high energy contained in the flares and the extreme duration of the dipole component, which forces either slow spin periods or low magnetic fields. We find that even with the inclusion of significant fallback accretion, in all but a few cases it is energetically challenging to produce prompt emission, afterglow and giant flares within the constraints of the rotational energy budget of a magnetar.
INTRODUCTION
Gamma-ray bursts (GRBs) are intense explosions that outshine any other source in the gamma-ray sky while they are active (Mészáros 2006) . They occur randomly throughout the Universe and are generally categorised into two types (Kouveliotou et al. 1993 ): short GRBs (SGRBs; lasting < 2 seconds) and long GRBs (LGRBs; lasting > 2 seconds) 1 . The launch of the Swift satellite in 2004 (Gehrels et al. 2004 ) facilitated a break-through in our understanding of GRB physics thanks to its rapid slewing capabilities allowing early and well-sampled observations of afterglows by the X-ray Telescope (XRT) (Burrows et al. 2005a) . This led to the formation of a 'canonical' X-ray afterglow model consisting of the following phases (Nousek et al. 2006; O'Brien et al. 2006) : (i) a steep, early decay; (ii) a plateau; (iii) a late decay; (iv ) achromatic jet breaks; and (v ) flares. Phases (iv ) and (v ) do not always have to be present and flares are often superposed onto the plateau phase (Curran et al. 2008 ).
E-mail: slg44@leicester.ac.uk 1 Though the duration of the gamma-rays alone is not able to unambiguously distinguish between the two types, see Bromberg et al. (2013) .
Flares are a dramatic rebrightening in the X-ray light curve that are seen ∼ 30 − 10 5 seconds after the burst trigger (Burrows et al. 2005b; Beniamini & Kumar 2016) and are observed in approximately half of all GRBs detected by Swift-XRT (O'Brien et al. 2006; Curran et al. 2008; Swenson & Roming 2014) . Margutti et al. (2011) note that, observationally, there appears to be two different evolutions of X-ray flare luminosity with time. The average luminosity of flares occurring before t = 1000 s decreases as t −2.7 , while the luminosity at later times decreases as ∼ t −1 . Flares are characterised by a fast rise, exponential decay (FRED) profile. The fluence of the largest flares (so-called giant flares) is often comparable to the prompt emission, potentially indicating a common origin between the two (Chincarini et al. 2010) . The presence of an underlying continuum that is unaffected by the flare (i.e. the superposition of the flare on the plateau phase) indicates that the flares do not share an emission site with the afterglow (Chincarini et al. 2010) , which is believed to be produced by the deceleration of forward shocks in the ambient medium. GRB 050502B contains the first and the largest flare to be observed, rebrightening by a factor of ∼ 500 above the continuum (Falcone et al. 2006) . The additional energy release observed in giant flares like the one seen in GRB 050502B provide a unique test to constrain the energy budget of GRBs.
There are a variety of models which have been suggested to explain the origin of flares, including: 'patchy' shells Kumar & Piran 2000) ; refreshed shocks Zhang & Mészáros 2002) ; and density fluctuations (Wang & Loeb 2000; Dai & Lu 2002) . The continued central engine (CE) activity model (Dai & Lu 1998; Zhang & Mészáros 2002 ) is often favoured, since the characteristics of flares are similar to the prompt emission (Chincarini et al. 2010) . The new-born millisecond magnetar is a concept that is competing with black holes as the source of power in GRBs, mainly due to its potential as a naturally long-lived central engine (see Bernardini 2015 for a review). In the magnetar model, the rotational energy of a highly-magnetised neutron star is tapped via interactions between its intense dipole field and the circumstellar environment (see Zhang & Mészáros 2001) . This model has been successfully applied to short (Metzger et al. 2008; Gompertz et al. 2013; Rowlinson et al. 2013 ) and long GRBs (Lyons et al. 2010 ). However, it has a strict energy upper limit imposed by the rotational energy reservoir of the neutron star. This is typically assumed to be ≈ 3 × 10 52 ergs for a 1.4 M neutron star with a 1 ms spin period. The magnetar is expected to be spun down very rapidly during the prompt emission phase, thereby decreasing the amount of energy available to power a flare (Beniamini & Kumar 2016) . However, fallback accretion may augment the magnetar energy budget, as it provides a mechanism to spin the magnetar back up. Recent work by and Metzger et al. (2018) suggests that the extractable energy from an isolated magnetar usable in a GRB is even further reduced. They predict for the same neutron star, the limit would be ∼ 2 × 10 51 erg making the need for fallback accretion even more severe.
In this paper, we investigate whether flares can be powered by the delayed on-set of a propeller regime (Piro & Ott 2011; Gompertz et al. 2014) , in which in-falling material is accelerated to super-Keplerian velocities via magnetocentrifugal slinging and is ejected from the system. A magnetic propeller provides a path to a smoother emission profile than can be achieved by direct accretion onto a compact object, matching the phenomenology of giant flares more closely. We maximise the available energy reservoir by feeding the disc with fallback accretion (which was successfully used to match the light curves of SGRBs with extended emission in Gibson et al. 2017) , following models such as Ekşi et al. (2005) ; Rosswog (2007) ; Kumar et al. (2008); Cannizzo et al. (2011); Parfrey et al. (2016) .
In Section 2, we briefly review the magnetar propeller with fallback accretion model used in Gibson et al. (2017) . We introduce our sample of long GRBs with significant Xray flares in Section 3 and present our results and discussion of the fitting procedure in Section 4. We summarise our conclusions in Section 5.
THE MAGNETAR MODEL
The propeller regime is defined according to the relationship between the Alfvén radius (where the dynamics of the disc are strongly influenced by the magnetic field, r m ) and the co-rotation radius (where matter in the disc orbits at the same rate as the rotation of the stellar surface, r c ). When r c > r m , the disc is rotating faster than the magnetic field (assuming the field lines rotate rigidly with the stellar surface) and magnetic torques slow the in-falling material allowing it to accrete. The magnetar gains angular momentum and is spun-up causing r c to migrate towards the magnetar. This also increases the rotation of the magnetic field lines, causing r m to migrate outwards. This leads to the opposite case of r m > r c , so that the magnetic field is rotating faster than the disc. Material is therefore accelerated to Super-Keplerian velocities, via direct interaction with the neutron stars magnetic field, and propelled to the light cylinder radius before being ejected from the system (Piro & Ott 2011) . The magnetar loses angular momentum to the ejected material and is spun-down. This is the propeller regime.
In Gibson et al. (2017) , we expanded this basic model (Piro & Ott 2011; Gompertz et al. 2014 ) to include fallback accretion. This was used to successfully reproduce both the prompt emission energy and extended emission in our sample of SGRBs. Full details of the model and results can be found within Gibson et al. (2017) . We parameterised the fallback timescale as a fraction, , of the viscous timescale of the disc such that t fb = t ν . Similarly, the fallback mass budget was defined as a fraction, δ, of the initial disc mass such that M fb = 3 2 δM D,i . A mass flow rate of material through the disc -accounting for accretion on to the magnetar, propellering out of the system, and fallback into the disc -was defined as follows:
where the fallback rate is defined as:
using the ballistic timescale of t −5/3 from Rosswog (2007) . Equation (1) and the angular frequency of the magnetar, ω(t), have been solved over time and from these values the propellered and dipole components of the luminosity (and hence the total luminosity) can be calculated as follows:
where τ acc and τ dip are the accretion and dipole torques, respectively, which have been defined to be positive when the magnetar is spinning up and negative when it's spinning down. During spin up phases, L prop is set to zero. The quantities η prop and η dip represent the efficiencies of the propeller and dipole emission components respectively and 1/ f B is the beaming fraction. We use a Markov chain Monte Carlo (MCMC) simulation package (Foreman-Mackey et al. 2013 ) to find the optimal values for our 9 free parameters: B -magnetic field strength of the magnetar; P i -spin period of the magnetar; M D,i -disc mass; -R D -disc radius; -fallback timescale fraction; δ -fallback mass budget fraction; η dip -dipole energy to luminosity conversion efficiency; η prop -propeller energy to luminosity conversion efficiency; and 1/ f B -beaming fraction (please see Appendix A for a discussion of the correlations between these fitting parameters and why a degeneracy treatment is not required). These parameters are defined after the prompt phase has ceased, which has been arbitrarily chosen to be t = 1 s. We used 200 'walkers' taking 50, 000 steps each and constructed a posterior probability distribution from a Gaussian log-likelihood function and a flat prior function (using the parameter limits given in Table  4 in Gibson et al. 2017) . Fixed parameters are the viscosity prescription, α = 0.1; the speed of sound in the accretion disc, c s = 10 7 cm s −1 ; the ratio r m /r lc = 0.9, which prevents ejected material from exceeding the speed of light; and the dimensionless parameter n = 1, which controls how rapidly the propeller emission becomes dominant.
SAMPLE OF SWIFT LGRBS WITH GIANT X-RAY FLARES
We have chosen a sample of 19
LGRBs that exhibit significant flares in their X-ray afterglows to study. Since there is no consistent definition of a giant X-ray flare, we selected which LGRBs to study based on the sample rate of data through the duration of the flare. We require good data coverage near the peak of the flare and a reasonable constraint on the amplitude of the flare so that our fitting routine can properly constrain the free parameters, as such a prominent feature will drive the morphology of the fit. The data were collected by Swift-XRT (Gehrels et al. 2004; Burrows et al. 2005a) and were processed by the UK Swift Science Data Centre (UKSSDC 2 ; Evans et al. 2007 Evans et al. , 2009 . In order to produce bolometric, rest-frame light curves, the data underwent a cosmological k-correction (Bloom et al. 2001 ) and were corrected for absorption using values in Table 1 . For those GRBs with no observed redshift, the mean of the sample in Salvaterra et al. (2012) was used (i.e. z = 1.84).
RESULTS AND DISCUSSION
The best fits of the magnetar propeller with fallback accretion model to our LGRB giant flare sample are presented in Fig. 1 . The model provides a reasonable fit to the morphology of the data across the sample, recreating the height and shape of the flare and fitting the emission 'tail' in 16 out of 19 GRBs. However in general terms, the model is struggling to meet the general energy budget of the sample which causes some of the parameters to be forced to the extremes of their allowed parameter space (see Table 4 in Gibson et al. 2017) . The model consistently misses the emission preceding the flare, falling 1-2 orders of magnitude lower than the data. However, this emission is most likely the tail end of the prompt spike, which we do not fit in this paper. The fits which performed the most poorly are to GRBs 100619A, 110709B and 110801A. In the case of Table 1 . The parameters required to perform a cosmological kcorrection as described by Bloom et al. (2001) . Γ is the photon index; σ is the absorption coefficient calculated from the ratio of counts-to-flux (unabsorbed) to counts-to-flux (absorbed); and z is the redshift given in the literature. For those GRBs with no observed redshift (marked with an * ), the mean of the sample in Salvaterra et al. (2012) GRB 100619A, the model has missed the second flare entirely in favour of fitting to the first flare 3 . Currently, our model is unable to fit multiple events like this as it does not contain an underlying flaring mechanism. Instead it describes a large release of energy that fits the general energetics of large flares. The closest approximation to multiple flares our model is currently capable of is a 'stuttering' type burst (see Gompertz et al. 2014 and Gibson et al. 2017 for details of burst types). Double flares like this could be achieved using models such as 'clumpy' accretion (e.g. Dall'Osso et al. 2017), a self-criticality regime of magnetic reconnection (similar to solar flares, e.g. Wang & Dai 2013) , or modulating the fallback rate to no longer be a smooth profile. As discussed in Gibson et al. (2017) in the context of the early time prompt emission, the model struggles to replicate short-timescale variability in GRBs 110709B and 110801A, instead 'smoothing' through the main flare and the smaller, preceding flare. This is another feature that may be achievable with a 'clumpy' accretion model, self-critical solar flare-like activity, or a modulated fallback rate. Mass would be delivered intermittently, causing outbursts as opposed to the smooth feeding currently modelled here.
The parameter values derived from the best-fitting models are presented in Table 2 . Across the sample, we have generally found low magnetic fields and slow initial spin periods, indicating that the propeller mechanism would not be that strong. A low B-field and fast spin period, or a high Bfield and slow spin period have previously been shown to be necessary for an effective propeller Gompertz et al. 2014; Gibson et al. 2017) . The driving factor behind these parameters is likely to be the duration of the dipole emission. The plateau duration is given by (cf. Zhang & Mészáros 2001) :
where I 45 is the moment of inertia of the neutron star in units of 10 45 g cm 2 , B p,15 is the dipole field strength in units of 10 15 G, P i,0 is the spin period in ms and R −6 10 is the neutron star radius is units of 10 km. The dipole emission in our sample typically lasts ∼ 10 5 s, and assuming I 45 = R −6 10 = 1, this requires B −2 p,15
≈ 100. From this we can clearly see that either B must be low, P must be high, or a combination of the two.
The top panel of Fig. 2 shows where the LGRB giant flare sample lies on the spin period-magnetic field plane. 11 GRBs are clustered against the 10 ms upper parameter limit and the majority of the sample have a magnetic field of the order of 1 × 10 15 G or less, which are consistent with the theoretical predictions for a magnetar (Giacomazzo & Perna 2013; Mereghetti et al. 2015; Rea et al. 2015) . The bottom panel shows where the sample lies in energy space as a fraction of the initial spin energy. The cluster of 9 GRBs at the top of the plot all have low B-fields, 1 × 10 15 G, and slow spin periods, 10 ms, one of the necessary conditions for an effective propeller. The 2 GRBs over the upper limit of the spinning neutron star model (GRBs 060124 and 110709B) both have low B and P i values and, therefore, have an ineffective propeller mechanism. Hence, the fallback has to compensate to provide the remaining energy. Table 2 shows us that both of these fits exhibit a significant fraction of the initial disc mass falling back on long timescales compared to the viscous timescale.
Since E ∝ P −2 i , initial spin periods of ∼ 10 ms reduce the total available energy by a factor of 100. Conversely, in most cases the efficiency of the propeller η prop is forced to 100 per cent, likely in order to compensate for the low total available energy in the model. The mean beaming factor is 303, translating into a jet opening angle of θ ≈ 4.65 • . This narrow beam is likely a further symptom of a system short of energy. We note at this point that alternative sources of energy which have been ignored here may also make a significant contribution and lower the energy requirements for our model. In particular, we neglect the contribution of the synchrotron emission from the afterglow as the forward shock driven by the initial explosion decelerates. Reprocessing of the dipole radiation in the forward shock will also allow longer-lived afterglow emission and enable lower val- ues of P and/or higher values of B compared to the simplified treatment of the dipole applied here (see e.g. Gompertz et al. 2015) . Although the relatively long initial spin periods found in the fits are primarily resultant from the need to fit the dipole emission component, we note here that they would be broadly consistent with an episode of magnetar spin down during the prompt emission phase.
The wide range of values in the fallback parameters and δ spin the magnetar up at a later period, producing a more effective propeller mechanism. We also find more initial disc masses at the upper parameter limit and with smaller disc radii, which shows that the model is attempting to extract as much energy as possible through high accretion rates to fuel the flares. The dipole and propeller efficiencies, η dip and η prop , are often pushed to their lowest and highest parameter limits respectively. This is because the flares produce such large flux increases above the smooth continuum that the model can only reproduce a rise and drop-off of this magnitude by having extremely different efficiencies for the dipole and propeller luminosities, despite this not being observationally consistent.
Although having a mechanism with > 50% efficiency is likely unphysical and observationally inconsistent, it was found to be necessary for both efficiencies to be allowed to vary up to 100% in order for the MCMC simulation to find an acceptable fit with constrained parameters. We ran the MCMC with different combinations of upper limits on the efficiencies and the χ 2 red values of 2 arbitrarily chosen runs are presented in Table 3 along with the values for the fits in Fig. 1 for comparison. In each case over all the runs, the MCMC was not able to constrain a value for η prop since each value in the allowed limits had an equally poor χ 2 red value as every other. In addition, we ran MCMC simulations that ignored the first 10 s after trigger, which is typically unconstrained by data. We found consistently poor fits, indicating that our conclusions are not dominated by the early (unconstrained) part of the light curve. The dominant limiting factor appears to be the long duration of the emission demanding extreme values of B and P, which forces the other parameters to work around them. Table 4 presents the values of the Lorentz factors for the X-ray flares in our sample, Γ X . These have been calculated using Equation (7), which comes from Lü et al. (2012) and Mu et al. (2016) .
where L X,p,52 is the peak luminosity of the flare in units of 10 52 erg s −1 . We find our flare sample calculated from the data, Γ X,data , is broadly consistent with the findings of Peng et al. (2014) where Γ X takes values of around 60 ∼ 150. Whereas, the Lorentz factors calculated from the best fitting models, Γ X,model , range from ∼ 16 − 130. While this includes the the majority of the range indicated by Peng et al. (2014) , the values are often lower than those required by the data especially in the case of the most powerful flares, e.g. GRB 060124. Since the model cannot produce Lorentz factors much greater than ∼ 100, this further highlights that it is struggling to reach the energies demanded of it by the data. Table 4 . Lorentz factor values of the X-ray flare sample, Γ X , calculated using the Γ γ − E γ,iso relation in Lü et al. (2012) and Mu et al. (2016) . The first column corresponds to the flare Lorentz factor calculated from the Swift data, while the second column corresponds to the flare Lorentz factor calculated from the best fitting models. Since the model misses the second, well-defined flare in GRB 100619A, we have not provided a value of Γ X,model for it. GRBs marked with an * have no redshift and the mean of the sample in Salvaterra et al. (2012) 
CONCLUSIONS
Due to their similarity to the prompt emission, giant X-ray flares in LGRBs are often considered to be evidence of continuing central engine activity. In this paper, we test the feasibility of one of the most natural long-lived central engines: the magnetar model, in which the rotational energy of a highly-magnetised millisecond neutron star is released to the surrounding environment via its intense dipole field. Our model for flaring is a magnetic propeller, which accelerates local material via magneto-centrifugal slinging and ejects it from the system. The magnetar is fed by fallback accretion, which maximises the available energy. We provide fits to a sample of 19
LGRBs with giant flares in their X-ray light curves using MCMC simulations. Our results show that despite a good phenomenological match of the model to the data, in all but a few cases it is very energetically challenging to explain giant flares in
LGRBs using a magnetar alone, especially given the further reduction of usable extracted energy predicted by and Metzger et al. (2018) . This has strong implications for any models trying to explain LGRB prompt emission or late X-ray plateaux (Beniamini & Mochkovitch 2017) with a magnetar, as the rotational energy budget appears to not be sufficient for flares without extra emission components or substantial fallback. However, the energy constraints may be lessened somewhat by the inclusion of the standard synchrotron afterglow and the reprocessing of the dipole emission in the forward shock. Table 2 .
